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(57) ABSTRACT

The invention relates to an adsorbent precipitated on a carrier
and to a method for producing said adsorbent. The carrier
comprises a polymer-based spherical activated charcoal. The
adsorbent comprises an inorganic precipitate capable of
adsorbing a metal cation or a mixture of metal cations from a
liquid, preferably aqueous, medium. The adsorbent precipi-
tated on a carrier is used to remove, for example, Cs* from
water containing Cs™, in particular from water contaminated
with radiotoxic '*7Cs*.

9 Claims, 2 Drawing Sheets
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1
ADSORBENT PRECIPITATED ON A
CARRIER, METHOD FOR PRODUCING SAID
ADSORBENT, AND USE OF SAID
ADSORBENT

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application is a National Stage filing of International
Application PCT/EP 2012/065166, filed Aug. 2, 2012, claim-
ing priority to German Application No. DE 102011 081 080.3
filed Aug. 17, 2011, entitled “ADSORBENT PRECIPI-
TATED ON A CARRIER, METHOD FOR PRODUCING
SAID ADSORBENT, AND USE OF SAID ADSORBENT”.
The subject application claims priority to PCT/EP 2012/
065166, and to German Application No. DE 10 2011 081
080.3 and incorporates all by reference herein, in their
entirety.

BACKGROUND OF THE INVENTION

The invention relates to an adsorbent precipitated on a
carrier (support), a method of producing said adsorbent and a
method of using said adsorbent.

It is known to use precipitates of hexacyanoferrate(Il) and
of hexacyanoferrate(Ill) to adsorb Cs*, in particular
radiotoxic '*’Cs*. The precipitates can be synthesized via a
precipitation reaction of the corresponding starting com-
pounds in an aqueous system. However, the precipitates come
down in the form of finely crystalline or colloidal precipitates.
Therefore, when the finely crystalline or colloidal precipi-
tates are used in fixed-bed packing, high pressure drops
ensue, which either reduces the through-flow rate of the Cs™*-
polluted water or limits the size of the adsorber columns used.

DE 40 21 046 A1 describes a Cs*-selective ion exchange
material composed of diammoniumcopper hexacyanoferrate,
which is deposited on a carrier consisting of a spherical
porous anion exchanger based on polystyrene, wherein qua-
ternary ammonium groups act as anion exchange groups. The
quaternary ammonium groups bind the diammoniumcopper
hexacyanoferrate deposited on the carrier. However, the
swellability of the ion exchange material used as carrier has
an adverse effect on the dimensional stability of an ion
exchange material used as filter bed, since there is a volume
expansion of the filter bed as a consequence of the swelling.
As a result, mechanical stresses build up in a closed adsorp-
tive apparatus, e.g., an adsorber column, and may damage the
adsorptive apparatus. The abrasion resistance of the ion
exchange carrier further decreases in the swollen state thereof
and may result in carrier material being carried out of the
adsorptive apparatus together with the Cs™ deposited thereon,
which is undesirable in relation to the removal of radiotoxic
137Cs* in particular. The carrier with its quaternary ammo-
nium groups is a strong basic anion exchanger, so use of the
carrier in an acidic medium gives rise to acid-base reactions
which evolve heat which can reduce the Cs* adsorption
capacity of the adsorbent deposited on the carrier.

U.S. Pat. No. 4,448,711 describes impregnating a zeolite
with metal ions capable of adsorbing sparingly water-soluble
ferrocyanides in the pores of a zeolite through ion exchange.
Following adsorption of the aforementioned metal ions in the
pores of the zeolite, the zeolite is treated with an aqueous
solution of soluble ferrocyanide, thereby forming a metal
ferrocyanide of the aforementioned metal ions on the zeolite.
The zeolite is subsequently subjected to an aging treatment.
The aging treatment is carried out by heating the zeolite to
100° C. in water or air in order to promote the crystallization
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of the metal ferrocyanide compound. Alternatively, the zeo-
lite is dipped into a highly concentrated aqueous solutionof'a
neutral alkali metal salt at preferably 80-100° C. in order to
remove unconverted metal ions and age the metal ferrocya-
nide compound in the pores of the zeolite. The metal ferro-
cyanide deposited on the zeolite carrier is costly and incon-
venient to make because of the aging treatment needed.
Moreover, not all zeolites, i.e., compounds of the type
M,/,0.A1,05.xSi0,.yH,O (M=mono- or polyvalent metal,
z=valence, x=1.8 to 12, y=0 to about 8), are stable in both
acidic and alkaline solution, narrowing the pH spectrum of
Cs*-containing solutions which can be treated with the adsor-
bent deposited on the zeolite. Zeolites further tend to be
produced in the form of a finely divided powder. When the
zeolite powder is used in an adsorber column in the form of a
fixed-bed packing, appreciable pressure drops ensue in the
operation of the adsorber column. True, a granular zeolite
could be produced from the pulverulent zeolite to reduce the
pressure drops. Yet this would make the production of the
zeolite-based carrier even more costly and inconvenient.

BRIEF SUMMARY OF THE INVENTION

The problem addressed by the present invention is there-
fore that of providing a carrier-adsorbed adsorbent, in par-
ticular a Cs* adsorbent, which

has a high mechanical and chemical stability, and

causes a very low pressure drop on usage in an adsorptive

apparatus.

The problem is solved by an adsorbent precipitated on a
carrier, characterized in that the carrier comprises a polymer-
based spherical activated carbon and the adsorbent comprises
an inorganic precipitate capable of adsorbing a metal cation
or a mixture of metal cations from a liquid, preferably aque-
ous, medium.

In a preferred embodiment of the carrier-precipitated
adsorbent of the present invention, the carrier consists of a
polymer-based spherical activated carbon and the adsorbent
is an inorganic precipitate capable of adsorbing a metal cation
or a mixture of metal cations from a liquid, preferably aque-
ous, medium.

The carrier-precipitated adsorbent of the present invention
has a high level of mechanical stability. This high mechanical
stability manifests itself

in a high compressive/bursting strength (weight-bearing

capacity) per activated carbon spherule of not less than 5
newtons, preferably of not less than 10 newtons and
generally in a range from 5 to 50 newtons, and also

in an abrasion resistance of not less than 90% when mea-

sured by a test method modified by Applicant on the
lines of the method of CEFIC (Conseil Européen des
Federations des I’Industrie Chimique, November 1986,
item 1.6 “Mechanical Hardness”, pages 18/19) and
described in EP 1 918 022 A1, paragraph [0046],
so an adsorption column operated with the carrier-precipi-
tated adsorbent of the present invention does not form any
carrier fragments nor any carrier dust, thereby preventing the
drag-out of the metal cation adsorbed on the carrier or, as the
case may be, the mixture of metal cations which is adsorbed
by the carrier. This is advantageous, in particular in relation to
the adsorption of radiotoxic metal cations, as with the adsorp-
tion of radiotoxic **’Cs* for example.

In preferred embodiments of the carrier-precipitated adsor-
bent of the present invention, the abrasion resistance is not
less than 90%, more preferably not less than 95% and even
more preferably 98%.
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The high mechanical stability of the carrier-precipitated
adsorbent of the present invention has the effect that the
abrasion which occurs on operating an adsorption chroma-
tography column packed with the carrier-precipitated adsor-
bent of the present invention is about 1.1 to 2.5 times less than
the abrasion which occurs on operating an adsorption chro-
matography column of the same dimensions which is packed
with an adsorbent whose carrier is a granular activated carbon
which contains the same inorganic precipitate as the adsor-
bent of the present invention and which consists of granules
whose mean diameter is equal to the diameter of the spherical
polymer-based activated carbon used in the adsorbent of the
present invention.

At the same time, the carrier-precipitated adsorbent of the
present invention has a high chemical stability, so the pH
spectrum of applicatory solutions of the metal cation, for
example of Cs*-containing solutions or of the mixture of
metal cations extends not only far into the acidic region (down
to pH 1, for example) but also far into the alkaline region (up
to pH 12-13, for example), the chemical stability of the car-
rier-precipitated adsorbent according to the present invention
being determined not by the carrier used according to the
present invention but by the chemical stability of the precipi-
tate.

Furthermore, when used in an adsorptive apparatus, the
carrier-precipitated adsorbent of the present invention exhib-
its as a consequence of the spherical shape of the carrier the
least possible pressure drop for a comparable particle size,
while the pressure drop does not even increase during long
filtration periods, since the aforementioned high mechanical
stability on the part of the polymer-based spherical activated
carbon prevents any fragmentation of the spherules and hence
any plugging of the volumes between the carrier spherules by
spherule fragments. The consequence is that a pressure drop
which occurs on operating an adsorption chromatography
column packed with the carrier-precipitated adsorbent of the
present invention is about 1.1 to 2 times less than the pressure
drop which occurs on operating an adsorption chromatogra-
phy column of the same dimensions which is packed with an
adsorbent whose carrier is a granular activated carbon which
contains the same inorganic precipitate as the adsorbent of the
present invention and which consists of granules whose mean
diameter is equal to the diameter of the spherical polymer-
based activated carbon used in the adsorbent of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides the Cs* residual concentration in distilled
water, distilled water additionally containing 3.5 wt. %, and
water additionally containing 20 wt. % KCl as a function of
time utilizing the adsorbent of Example 1.

FIG. 2 provides the two measurements of Cs* residual
concentration in water which additionally contains 20 wt % of
KCl utilizing the adsorbent of Example 3.

DETAILED DESCRIPTION OF THE INVENTION

In the context of the present invention, the expression
“polymer-based spherical activated carbon” denotes a spheri-
cal activated carbon produced using a synthetic polymer.
Preferred synthetic polymers are sulfonated styrene-divinyl-
benzene copolymers or sulfonated divinylbenzene-
crosslinked polystyrenes. The aforementioned synthetic
polymers and their processing into a polymer-based spherical
activated carbon are described in EP 1 918 022 Al and DE
101 91 656 B4.
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In a preferred embodiment of the carrier-precipitated
adsorbent according to the present invention, the polymer-
based spherical activated carbon is a porous activated carbon
having pores with a minimum average pore diameter of not
less than 5 A, preferably of not less than 10 A and more
preferably of not less than 15 A. The average pore diameter
d,,. can be computed from the specific surface area SA and
the adsorbed volume v, ,, (for completely filled pores) as per
dave:4xvtotaZ/SA'

In a further preferred embodiment of the carrier-precipi-
tated adsorbent according to the present invention, the poly-
mer-based spherical activated carbon has

a Gurvich total pore volume of not less than 0.5 cm?®/g, with

not less than 50%, preferably not less than 70%, of the
total pore volume being formed by micropores having a
pore diameter of not more than 20 A,

an average pore diameter of not more than 40 A, and

a BET surface area of not less than 1000 m*/g.

The Gurvich determination of total pore volume is a mea-
surement method known to one skilled in the art of adsorption
technology. For further details concerning the Gurvich deter-
mination of total pore volume reference may be made to L.
Gurvich (1915) J. Phys. Chem. Soc. Russ. 47 805 and also to
S. Lowell et al., Characterization of Porous Solids and Pow-
ders: Surface Area Pore Size and Density, Kluwer Academic
Publishers, Article Technology Series, pages 111 ff.

In the context of the present invention, the term
“micropores” denotes pores having a diameter of up to 20 A.

The average pore diameter is determined on the basis of the
nitrogen isotherms in each case.

BET surface area is determined in accordance with ASTM
D6558-04, the MultiPoint BET method of determination (MP
BET) in a partial pressure range p/p, from 0.05 to 0.1 being
employed in the present invention.

In a preferred embodiment of the carrier-precipitated
adsorbent of the present invention, the polymer-based spheri-
cal activated carbon has a BET surface area in the range from
750 m*/g to 2500 m*/g.

In a further preferred embodiment of the carrier-precipi-
tated adsorbent of the present invention, the polymer-based
spherical activated carbon has a BET surface area in the range
from 1250 m*/g to 2000 m*/g.

In a further preferred embodiment of the carrier-precipi-
tated adsorbent of the present invention, the polymer-based
spherical activated carbon has a BET surface area in the range
from 1400 m?/g to 1900 m*/g.

In a further preferred embodiment of the carrier-precipi-
tated adsorbent of the present invention, the polymer-based
spherical activated carbon has a BET surface area in the range
from 1350 m*/g to 1750 m*/g.

In a further preferred embodiment of the carrier-precipi-
tated adsorbent according to the present invention, the poly-
mer-based spherical activated carbon serving as the carrier is
an oxidized carrier obtained by

thermal oxidation, e.g., by exposing the carrier to an oxy-

gen-containing gas, e.g., air, or

chemical oxidation, e.g., by exposing the carrier to nitric

acid, hydrogen peroxide or ammonium pyrosulfate or to
ammonium peroxodisulfate.

Using an oxidized carrier enhances the wettability of the
surface of the polymer-based spherical activated carbon,
which in turn enhances the loadability of the carrier.

As far as further properties and the method of making the
spherical activated carbon used in the carrier-precipitated
adsorbent of the present invention are concerned, reference is
made to EP 1 918 022 Al and DE 101 91 656 B4.
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In a preferred embodiment of the carrier-precipitated
adsorbent according to the present invention, the adsorbent is
an inorganic precipitate capable of adsorbing Cs* or Ni** or a
mixture of Cs* and Ni** and the inorganic precipitate is a
complex hexacyanoferrate(I) or acomplex hexacyanoferrate
(I1II). In the context of the present invention, the expressions
“complex hexacyanoferrate(Il)” and “complex hexacyanof-
errate(I11)” denote inorganic compounds which contain [Fe”
(CN),] anions and [Fe™!(CN),] anions, respectively, and two
different cations in each case.

In a particularly preferred embodiment of the carrier-pre-
cipitated adsorbent according to the present invention, the
complex hexacyanoferrate(Il) and the complex hexacyanof-
errate(11]) each contain
(1) hexacyanoferrate(II) and hexacyanoferrate(IIl) anions,

respectively,

(i) NH,*, Li*, Na*, K" or Rb*, and
(iii) a di-, tri- or tetravalent metal cation.

In avery particularly preferred embodiments of the carrier-
precipitated adsorbent according to the present invention, the
divalent metal cation is Cd>*, Co?*, Cu®*, Ni>*, Zn**, Sn>** or
Fe**.

In a further very particularly preferred embodiment of the
carrier-precipitated adsorbent according to the present inven-
tion, the trivalent metal cation is Cr** or Fe®™.

In a further very particularly preferred embodiment of the
carrier-precipitated adsorbent according to the present inven-
tion, the tetravalent metal cation is Sn**, Ti** or Zr**.

In the preferred embodiment of the carrier-precipitated
adsorbent according to the present invention wherein the
adsorbent is an inorganic precipitate capable of adsorbing Cs*
or Ni** or a mixture of Cs* and Ni** and the inorganic pre-
cipitate is a complex hexacyanoferrate(Il) or a complex
hexacyanoferrate(I1l), the loading of the carrier-precipitated
adsorbent according to the present invention with complex
hexacyanoferrate(Il) or with complex hexacyanoferrate(111)
is preferably in the range from 0.1 wt % to 35 wt %, more
preferably in the range from 5 wt % to 30 wt % and even more
preferably in the range from 10 wt % to 25 wt %, where the wt
% statements relate to the unloaded carrier.

In a further preferred embodiment of the carrier-precipi-
tated adsorbent according to the present invention, the adsor-
bent is an inorganic precipitate capable of adsorbing Sr**,
La®*, Co**, Ni**, Zr** or Cs* or a mixture of two or more of
said cations and the inorganic precipitate is an alkaline earth
metal oxide, wherein the alkaline earth metal oxide is prefer-
ably magnesium oxide, barium oxide, calcium oxide or stron-
tium oxide. The alkaline earth metal oxide is precipitated on
the polymer-based spherical activated carbon as follows: The
polymer-based spherical activated carbon is impregnated
with an aqueous solution of an alkaline earth metal(Il) com-
pound. The alkaline earth metal(Il) compound can be a salt,
for example an alkaline earth metal(Il) chloride. Preferably
the alkaline earth metal(II) chloride is magnesium chloride,
barium chloride, calcium chloride or strontium chloride. The
polymer-based spherical activated carbon impregnated as
described above is admixed with a base, preferably with NH;
or NaOH, dried and aftertreated under inert conditions, i.e., in
the absence of oxygen, at 600-1000° C. The result is a poly-
mer-based spherical activated carbon which is loaded with an
alkaline earth metal oxide and wherein the degree of loading
with the particular alkaline earth metal oxide is preferably in
the range from 0.1 to 35 wt %, more preferably in the range
from 5 wt % to 30 wt % and even more preferably in the range
from 10 wt % to 25 wt %, the wt % statements relating to the
unloaded carrier. The polymer-based spherical activated car-
bon loaded with an alkaline earth metal oxide contains said
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alkaline earth metal oxide not just on the outside surface, but
also on the surface of the pores in the interior of the polymer-
based spherical activated carbon in the form of nanoscale
crystallites. The nanoscale crystallites are disposed in granule
form on the outside surface and the pore inside surface area of
the polymer-based spherical activated carbon and have a
diameter in the interior of the carrier material which is at most
in the region of the pore diameters of the polymer-based
spherical activated carbon.

In a further preferred embodiment of the carrier-precipi-
tated adsorbent according to the present invention, the adsor-
bent is an inorganic precipitate capable of adsorbing Sr**,
La**, Co**, Ni**, Zr** or Cs* or a mixture of two or more of
said cations and the inorganic precipitate is an alkali molyb-
datophosphate, preferably an ammonium molybdatophos-
phate, sodium molybdatophosphate, potassium molybdato-
phosphate or lithium molybdatophosphate.

A first method of precipitating the alkali molybdatophos-
phate on the polymer-based spherical activated carbon is
carried out as follows: The polymer-based spherical activated
carbon is impregnated with an aqueous solution of alkali
metal molybdate, i.e., sodium molybdate, potassium molyb-
date or lithium molybdate, or with an aqueous solution of
ammonium molybdate. The polymer-based spherical acti-
vated carbon impregnated as described above is admixed with
a mixture that either consists of phosphoric acid and a water-
soluble alkali metal compound, such as sodium chloride for
example, or of phosphoric acid and a water-soluble ammo-
nium compound, such as ammonium chloride for example.
Alternatively, the polymer-based spherical activated carbon
impregnated as described above is admixed with a mixture
consisting of a water-soluble phosphate, for example sodium
phosphate, and a water-soluble alkali metal/ammonium com-
pound, the alkali metal compound used being, for example,
sodium chloride and the ammonium compound used being,
for example, ammonium chloride. This is followed by drying
at 120-250° C.

A second method of precipitating the alkali molybdato-
phosphate on the polymer-based spherical activated carbon is
carried out as follows: The polymer-based spherical activated
carbon is impregnated with molybdatophosphoric acid. The
polymer-based spherical activated carbon impregnated as
described above is admixed with an aqueous alkali metal or
ammonium chloride solution, the alkali metal chloride solu-
tion used being, for example, sodium chloride. This is fol-
lowed by drying at 120-250° C.

Both the first method and the second method result in a
polymer-based spherical activated carbon wherein the degree
of loading with the particular alkali molybdatophosphate is
preferably in the range from 0.1 to 35 wt %, more preferably
in the range from 5 wt % to 30 wt % and even more preferably
in the range from 10 wt % to 25 wt %, the wt % statements
relating to the unloaded carrier. The polymer-based spherical
activated carbon loaded with an alkali molybdatophosphate
contains said alkali molybdatophosphate not just on the out-
side surface, but also on the surface of the pores in the interior
of'the polymer-based spherical activated carbon in the form of
nanoscale crystallites. The nanoscale crystallites are disposed
in granule form on the outside surface and the pore inside
surface area of the polymer-based spherical activated carbon
and have a diameter in the interior of the carrier material
which is at most in the region of the pore diameters of the
polymer-based spherical activated carbon.

In a further preferred embodiment of the carrier-precipi-
tated adsorbent according to the present invention, the adsor-
bent is an inorganic precipitate capable of adsorbing Sr** and
the inorganic precipitate is a TiO,, preferably a ZrO,-modi-
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fied TiO,. The precipitation of the preferably ZrO,-modified
TiO, on the polymer-based spherical activated carbon is car-
ried out as follows: The polymer-based spherical activated
carbon is impregnated with an aqueous solution of titanyl
sulfate or of some other water-soluble titanium compound,
e.g., titanyl chloride, and preferably in addition with zirconyl
chloride or some other water-soluble zirconium compound,
e.g., zirconyl sulfate. In the preferred embodiment, in which
a ZrO,-modified TiO, is prepared, it is preferable to use from
0.1 to 0.5 mol of Zr per mole of Ti. The polymer-based
spherical activated carbon impregnated as described above is
admixed with a base, for example with an aqueous solution of
NH; or NaOH. This is followed by drying and aftertreatment
under inert conditions, i.e., in the absence of oxygen, at 600-
1000° C. The result is a polymer-based spherical activated
carbon which is modified with an optionally ZrO,-modified
TiO, and wherein the degree of loading of the polymer-based
spherical activated carbon with optionally ZrO,-modified
TiO, is preferably in the range from 0.1 to 35 wt %, more
preferably in the range from 5 wt % to 30 wt % and even more
preferably in the range from 10 wt % to 25 wt %, the wt %
statements relating to the unloaded carrier. The polymer-
based spherical activated carbon loaded with a TiO,, prefer-
ably with a ZrO,-modified TiO, contains said TiO, or said
ZrO,-modified TiO, not just on the outside surface, but also
on the surface ofthe pores in the interior of the polymer-based
spherical activated carbon in the form of nanoscale crystal-
lites. The nanoscale crystallites are disposed in granule form
on the outside surface and the pore inside surface area of the
polymer-based spherical activated carbon and have a diam-
eter in the interior of the carrier material which is at most in
the region of the pore diameters of the polymer-based spheri-
cal activated carbon.

In a further preferred embodiment of the carrier-precipi-
tated adsorbent according to the present invention, the adsor-
bent is an inorganic precipitate capable of adsorbing Sr** and
the inorganic precipitate is an alkaline earth metal titanate,
preferably a barium titanate, strontium titanate or calcium
titanate. The alkaline earth metal titanate is precipitated on
the polymer-based spherical activated carbon as follows: The
polymer-based spherical activated carbon is impregnated
with an aqueous solution of titanyl sulfate or of some other
water-soluble titanium compound. The polymer-based
spherical activated carbon impregnated as described above is
first admixed with an aqueous solution of an alkaline earth
metal(Il) chloride, e.g., barium(II) chloride, strontium(II)
chloride or calcium(Il) chloride or of some other water-
soluble alkaline earth metal compound, e.g., of the aforemen-
tioned alkaline earth metals, and thereafter with a base, for
example with an aqueous solution of NH; or NaOH. This is
followed by drying and thermal aftertreatment under inert
conditions, i.e., in the absence of oxygen, at 800-1000° C. The
result is a polymer-based spherical activated carbon wherein
the degree of loading with the particular alkaline earth metal
titanate is preferably in the range from 0.1 to 35 wt %, more
preferably in the range from 5 wt % to 30 wt % and even more
preferably in the range from 10 wt % to 25 wt %, the wt %
statements relating to the unloaded carrier. The polymer-
based spherical activated carbon loaded with an alkaline earth
metal titanate contains said alkaline earth metal titanate not
just on the outside surface, but also on the surface of the pores
in the interior of the polymer-based spherical activated car-
bon in the form of nanoscale crystallites. The nanoscale crys-
tallites are disposed in granule form on the outside surface
and the pore inside surface area of the polymer-based spheri-
cal activated carbon and have a diameter in the interior of the
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carrier material which is at most in the region of the pore
diameters of the polymer-based spherical activated carbon.

In a further preferred embodiment of the carrier-precipi-
tated adsorbent according to the present invention, the adsor-
bent is an inorganic precipitate capable of adsorbing Sr** or
Cs* or a mixture of Sr** and Cs* and the inorganic precipitate
is a transition metal phosphate, preferably a manganese phos-
phate, zirconium phosphate, iron(Il) phosphate, iron(IIl)
phosphate or nickel phosphate. The transition metal phos-
phate is precipitated on the polymer-based spherical activated
carbon as follows: The polymer-based spherical activated
carbon is impregnated with a water-soluble transition metal
compound, for example with iron(I) chloride, iron(III) chlo-
ride or nickel chloride. The polymer-based spherical acti-
vated carbon impregnated as described above is admixed with
phosphoric acid or with a water-soluble phosphate, for
example sodium phosphate. This is followed by drying at
120° C. and thermal aftertreatment under inert conditions,
i.e., in the absence of oxygen, at 200-800° C. The result is a
polymer-based spherical activated carbon wherein the degree
of loading with the particular transition metal phosphate is
preferably in the range from 0.1 to 35 wt %, more preferably
in the range from 5 wt % to 30 wt % and even more preferably
in the range from 10 wt % to 25 wt %, the wt % statements
relating to the unloaded carrier. The polymer-based spherical
activated carbon loaded with a transition metal phosphate
contains said transition metal phosphate not just on the out-
side surface, but also on the surface of the pores in the interior
of'the polymer-based spherical activated carbon in the form of
nanoscale crystallites. The nanoscale crystallites are disposed
in granule form on the outside surface and the pore inside
surface area of the polymer-based spherical activated carbon
and have a diameter in the interior of the carrier material
which is at most in the region of the pore diameters of the
polymer-based spherical activated carbon.

The problem defined at the beginning is further solved by a
method of producing an adsorbent precipitated on a carrier,
which method comprises precipitating an inorganic adsor-
bent capable of Cs™ adsorption from a liquid medium onto a
polymer-based spherical activated carbon serving as the car-
rier.

In the method of the present invention, the term “polymer-
based spherical activated carbon” denotes mutatis mutandis
the same as already elucidated in connection with the descrip-
tion of'the carrier-precipitated adsorbent of the present inven-
tion.

A preferred embodiment (A) of the method according to
the present invention comprises the steps of
a) providing a polymer-based spherical activated carbon as

the carrier,

b) impregnating the carrier with an aqueous solution contain-
ing

(1) hexacyanoferrate(Il) or hexacyanoferrate(Ill) anions,

and

(i) NH,*, Li*, Na*, K* or Rb*,
¢) admixing the impregnated carrier with an aqueous solution

of a salt of a di-, tri- or tetravalent metal cation to obtain the

carrier-precipitated inorganic adsorbent in the form of a

complex hexacyanoferrate(Il) or a complex hexacyanofer-

rate(111),

d) washing the carrier containing the precipitated adsorbent,
and

e) optionally drying the washed carrier containing the pre-
cipitated adsorbent.
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The polymer-based spherical activated carbon can be used
in step a) of the preferred embodiment (A) of the method
according to the present invention in the as-supplied form,
ie., dry.
The concentration of the aqueous solution used in step b) of
the preferred embodiment (A) of the method according to the
present invention is preferably in the range from 0.01 mol/l to
0.8 mol/l and more preferably in the range from 0.1 mol/l to
0.5 mol/l.
Impregnating the carrier in step b) of the preferred embodi-
ment (A) of the method according to the present invention
with the solution used in step b) may be effected for example
by
drenching the carrier with an excess of impregnating solu-
tion, the amount of impregnation solution added being at
least sufficient to form a stirrable dispersion, or

drenching the carrier with the impregnating solution to the
point of incipient wetness on the outside surface of the
carrier, or

spraying the carrier with the impregnating solution at the

start.

The concentration of the aqueous solution used in step ¢) of
the preferred embodiment (A) of the method according to the
present invention is preferably in the range from 0.01 mol/l to
2 mol/l and more preferably in the range from 0.2 mol/1to 0.4
mol/l.

Admixing the impregnated carrier resulting from step b) in
step ¢) of the preferred embodiment (A) of the method
according to the present invention with the solution used in
step ¢) can be effected by stirring or shaking the solution
containing the impregnated carrier.

Admixing the impregnated carrier resulting from step b) in
step ¢) of the preferred embodiment (A) of the method
according to the present invention with the solution used in
step ¢) may further be effected for example by

drenching the impregnated carrier with an excess of the

solution used in step ¢), the amount of the impregnation
solution added being at least sufficient to form a stirrable
dispersion, or

drenching the impregnated carrier with the solution used in

step c)to the point of incipient wetness on the outside of
the carrier, or

spraying the impregnated carrier with the solution used in

step ¢).

Admixing the impregnated carrier resulting from step b) in
step ¢) of the preferred embodiment (A) of the method
according to the present invention with the solution used in
step ¢) can further be carried out at elevated temperature, for
example at a temperature in the range from 30 to 100° C., in
which case the elevated temperature is preferably maintained
for a period ranging from 2 to 12 hours.

Washing the adsorbent containing the precipitated adsor-
bent in step d) of the preferred embodiment (A) of the method
according to the present invention is preferably effected with
distilled water.

Washing the adsorbent containing the precipitated adsor-
bent in step d) of the preferred embodiment (A) of the method
according to the present invention is preferably effected until
resultant fines of the precipitate on the outer surface of the
polymer-based spherical activated carbon have been
removed, i.e., until the wash liquor is free from gravimetri-
cally determinable fines.

The washed carrier resulting from step d), which contains
the precipitated adsorbent, can be used undried for adsorbing
Cs*, in particular radiotoxic *’CS™.

The optional drying of the washed carrier containing the
precipitated adsorbent in step e) of the preferred embodiment
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(A) of the method according to the present invention prefer-
ably takes place in air at a drying temperature which is pref-
erably inthe range from 90° C. to 120° C. and more preferably
in the range from 90° C. to 110° C. The drying described in
the examples of the present invention is carried out in order
that the degree of loading of the carrier may be determined.

A further preferred embodiment (B) of the method accord-
ing to the present invention comprises the steps of
a) providing a polymer-based spherical activated carbon as

the carrier,

b) impregnating the carrier with an aqueous solution of a salt
of a di-, tri- or tetravalent metal cation

¢) admixing the impregnated carrier with an aqueous solution
containing

(1) hexacyanoferrate(Il) or hexacyanoferrate(Ill) anions,

and

(ii) NH,*, Li*, Na*, K* or Rb*, to obtain the carrier-pre-

cipitated inorganic adsorbent in the form of a complex
hexacyanoferrate(Il) or a complex hexacyanoferrate
am,
d) washing the carrier containing the precipitated adsorbent,
and
e) optionally drying the washed carrier containing the pre-
cipitated adsorbent.

The only difference between embodiment (B) and embodi-
ment (A) is the order in which the aqueous solution of hexacy-
anoferrate(I) or hexacyanoferrate(11T) anions and NH,*, Li*,
Na*, K* or Rb* and the aqueous solution of a salt of a di-, tri-
or tetravalent metal cation are used. Therefore, the preferred
parameter ranges of embodiment (B) are mutatis mutandis
subject to the same remarks already made to describe
embodiment (A).

The expressions “complex hexacyanoferrate(I)” and
“complex hexacyanoferrate(IIl)” in the abovementioned pre-
ferred embodiments (A) and (B) of the method according to
the present invention have mutatis mutandis the same mean-
ing as already explained in connection with the description of
the carrier-precipitated adsorbent of the present invention.

Both the abovementioned preferred embodiments (A) and
(B) of the method according to the present invention make it
possible to deposit the inorganic precipitate not just on the
outer surface but also on the surface of the pores in the interior
of'the polymer-based spherical activated carbon in the form of
nanoscale crystallites. The nanoscale crystallites are disposed
in granule form on the outside surface and the pore inside
surface area of the polymer-based spherical activated carbon
and have a diameter in the interior of the carrier material
which is at most in the region of the pore diameters of the
polymer-based spherical activated carbon.

The processes described in the preferred embodiments (A)
and (B) of the method according to the present invention
deposit the inorganic adsorbent in the form of a complex
hexacyanoferrate(Il) or of a complex hexacyanoferrate(I1l)
on and in the carrier of polymer-based spherical activated
carbon in an elution-stable manner. “Deposited in an elution-
stable manner” in the context of the present invention is to be
understood as meaning that no gravimetrically measurable
weight loss of complex hexacyanoferrate(I1)/(III) occurs
when a solution of the Cs™ ions to be adsorbed flows around
the polymer-based spherical activated carbon containing the
complex hexacyanoferrate(1I)/(I1I).

The elution-stable deposition of the complex hexacyanof-
errate(ID)/(I11) on the carrier used according to the present
invention is surprising. This is because unlike a carrier whose
surface displays

a multiplicity of quaternary ammonium groups, like the

carrier described at the beginning of DE 4021 046 A1, or
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a multiplicity of purely inorganic ions, like the carrier
described at the beginning in U.S. Pat. No. 4,448,711,

the carrier used in the method of the present invention does
not, in its most general embodiment of polymer-based spheri-
cal activated carbon, possess any of the abovementioned ionic
groups nor any other chemical functionalities whereby the
complex hexacyanoferrate(11)/(111) precipitated on the sur-
face of the carrier might become attached in or on the carrier
in a stable manner via an ionic or some other chemical bond.

The method of the present invention makes it possible to
adjust the degree of loading of the carrier-precipitated adsor-
bent of the present invention with complex hexacyanoferrate
(II) or with complex hexacyanoferrate(I11) within wide limits,
although it is preferable to seta 0.1 wt % to 35 wt % degree of
loading, more preferably a 5 wt % to 30 wt % degree of
loading and even more preferably a 10 wt % to 25 wt % degree
of'loading. The wt % statements here relate to the unloaded
carrier.

The present invention further provides a method of using
the carrier-precipitated adsorbent of the present invention for
removing a metal cation or a mixture of metal cations from
water.

A preferred embodiment of the use method according to
the present invention consists in removing radiotoxic metal
cations, such as '37Cs*, ®3Nj>*, °0Sr?*, 199 a3* 60Co2*
or %°Zr**, from water which is contaminated with said
radiotoxic metal cations and which contains one or more of
said radiotoxic metal cations.

The present invention further provides a method of using
the carrier-precipitated adsorbent resulting from the method
of the present invention for removing Cs* from the Cs*-
containing water, in particular from water contaminated with
radiotoxic '*7Cs*.

The examples which follow illustrate the invention.

EXAMPLE 1

Precipitation of Zinc Hexacyanoferrate(II) on a
Polymer-Based Spherical Activated Carbon

1000 g of a polymer-based spherical activated carbon hav-
ing an abrasion resistance of 99%, a BET surface area 0of 1938
m?/g, an average pore diameter of 25 A and a Gurvich total
pore volume of 1.224 cm®/g are admixed with 1.5 liters of a
solution of 0.8 M K,[Fe(CN),].3H,O and shaken on a shak-
ing plate for 2 h. Thereafter, the excess K,[Fe(CN),].3H,0
solution is decanted off and the polymer-based spherical acti-
vated carbon impregnated with K,[Fe(CN)].3H,Ois dried at
110° C. for 6 h. The dried K,[Fe(CN)4].3H,O-impregnated
polymer-based spherical activated carbon is admixed with a
solution of 153 g of Zn(NO,).6H,0 in 1.5 liters of distilled
water. The mixture obtained is shaken on a shaker plate under
refluxing conditions at a temperature of 100° C. for 4 h.
Thereafter, excess Zn(NO,).6H,O solution is decanted off,
the polymer-based spherical activated carbon loaded with
zinc hexacyanoferrate(Il) precipitate is transferred into a frit
having a nominal pore size of 100-160 um (port 1 frit),
washed with 5 liters of distilled water and dried at 110° C. for
6 h. The loading with zinc hexacyanoferrate(1l) precipitate is
22 wt % based on the unloaded carrier.

EXAMPLE 2

Precipitation of Cobalt Hexacyanoferrate(Il) on a
Polymer-Based Spherical Activated Carbon

Example 2 is carried out in the same way as Example 1
exceptthat Co(NO,).6H,0 is used instead of Zn(NO,).6H,O.
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The loading with cobalt hexacyanoferrate(I) precipitate is 19
wt % based on the unloaded carrier.

EXAMPLE 3

Precipitation of Nickel Hexacyanoferrate(Il) on a
Polymer-Based Spherical Activated Carbon

Example 3 is carried out in the same way as Example 1
except that Ni(NO,).6H,O is used instead of Zn(NO,).6H,O.
The loading with nickel hexacyanoferrate(1) precipitate is 13
wt % based on the unloaded carrier.

EXAMPLE 4

Cs* Adsorption Test with the Adsorbent of Example
1

10 g of the polymer-based spherical activated carbon
obtained in Example 1 with a loading of zinc hexacyanofer-
rate(1l) precipitate are slurried up with 100 ml of a solution
containing 0.005 wt % of Cs* by stirring. The Cs* is used as
CsNO;. Atomic emission spectroscopy (ICP=Inductive
Coupled Plasma) is used on the stirred slurry to determine at
certain time intervals the particular Cs* residual concentra-
tions remaining in the Cs*-containing solution.
The results of the adsorption test are shown in FI1G. 1. FIG.
1 shows the Cs* residual concentration in
distilled water (black/white squares),
distilled water additionally containing 3.5 wt % of NaCl
(white squares), and

water which additionally contains 20 wt % of KCl as a
function of the adsorption time in minutes. The initial
concentration of the Cs* is 0.005 wt %. “PBSAC”
denotes “Polymer Based Surface Activated Carbon”,
which is supposed to refer to the adsorbent obtained in
Example 1.

FIG. 1 shows that after just O minutes, i.e., right at the start
of the adsorption test, the Cs* concentration sinks

to about Yo in distilled water and in distilled water addi-

tionally containing 3.5 wt % of NaCl, and

to about half the initial concentration in distilled water

which additionally contains 20 wt % of KCl.

The further time course of the Cs* concentration in FIG. 1
is a clear indication that complete removal of the Cs* from
Cs*-containing water is possible even in the Cs* solution
which additionally contains 20 wt % of KCI.

EXAMPLE 5

Cs* Adsorption Test with the Adsorbent of Example
3

Example 5 was carried out in the same way as Example 4
except that the polymer-based spherical activated carbon of
Example 3, loaded with nickel hexacyanoferrate(Il) precipi-
tate, was used and the initial Cs* concentration was 0.0045 wt
%.

The results of the adsorption test are depicted in FIG. 2.
The black squares in FIG. 2 shows the Cs™ concentration in
water which additionally contains 20 wt % of KCI. The white
squares in FIG. 2 represent the Cs* concentrations in water of
an adsorption test which was repeated under the same condi-
tions as the test just described. FIG. 2 shows that the Cs*
adsorption is reproducible.
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The invention claimed is:

1. A method of producing an adsorbent precipitated on a
support, which method comprises precipitating an inorganic
adsorbent capable of Cs* adsorption from a liquid medium
onto a polymer-based spherical activated carbon serving as
the support,

wherein the polymer-based spherical activated carbon has

been produced from a synthetic polymer and wherein

the polymer-based spherical activated carbon has the
following characteristics:

a Gurvich total pore volume of not less than 0.5 cm’/g,
with not less than 50% of the total pore volume being
formed by micropores having a pore diameter of not
more than 20 A,

an average pore diameter of not more than 40 A, and

a BET surface area of not less than 1000 m?*/g;

wherein the method comprises the following steps:

a) providing the polymer-based spherical activated car-
bon as the support;

then either steps bl) and c1):
bl) impregnating the support with an aqueous solu-

tion containing
(1) hexacyanoferrate(Il) or hexacyano-ferrate(I1l)
anions, and
(i) NH,*, Li*, Na*, K* or Rb*; then
cl) admixing the impregnated support with an aque-
ous solution of a salt of a di-, tri- or tetravalent
metal cation,
s0 as to obtain the inorganic adsorbent in the form of
a complexed hexacyanoferrate(II) or a complexed
hexacyanoferrate(Il1) and precipitated on the sup-
port;
or alternatively steps b2) and c2):
b2) impregnating the support with an aqueous solu-
tion of a salt of a di-, tri- or tetravalent metal cation,
¢2) admixing the impregnated support with an aque-
ous solution containing
(1) hexacyanoferrate(Il) or hexacyano ferrate(IIl)
anions, and
(i) NH,*, Li*, Na*, K* or Rb*; then

so as to obtain the inorganic adsorbent in the form of a
complexed hexacyanoferrate(Il) or a complexed
hexacyanoferrate(I11) and precipitated on the support;

then followed by:

d) washing the support containing the precipitated
adsorbent,

e) drying the washed support resulting from step d) and
containing the precipitated adsorbent.

2. The method as claimed in claim 1, wherein the polymer-
based spherical activated carbon is a porous polymer-based
activated carbon having pores with a minimum average pore
diameter of not less than 5 A.

3. The method as claimed in claim 1, wherein the divalent
metal cation is Cd**, Co®*, Cu®*, Ni>*, Zn?**, Sn** or Fe?*.

4. The method as claimed in claim 1, wherein the trivalent
metal cation is Cr** or Fe’*.

5. The method as claimed in claim 1, wherein the tetrava-
lent metal cation is Sn**, Ti** or Zr**.

6. A support-precipitated adsorbent obtained by a method
as claimed in claim 1.

7. A method of removing a metal cation or a mixture of
metal cations from water, wherein the metal cation or the
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mixture of metal cations is removed by the support-precipi-
tated adsorbent as claimed in claim 6.

8. A method of removing Cs* from Cs*-containing water,
wherein Cs™ is removed by the support-precipitated adsor-
bent as claimed in claim 6.

9. A method of producing an adsorbent precipitated on a
support, which method comprises precipitating an inorganic
adsorbent capable of Cs™ adsorption from a liquid medium
onto a polymer-based spherical activated carbon serving as
the support,

wherein the polymer-based spherical activated carbon has

been produced from a synthetic polymer and wherein

the polymer-based spherical activated carbon has the
following characteristics:

a Gurvich total pore volume of not less than 0.5 cm’/g,
with not less than 50% of the total pore volume being
formed by micropores having a pore diameter of not
more than 20 A,

an average pore diameter of not more than 40 A, and

a BET surface area of not less than 1000 m*/g;

wherein the method comprises the following steps:

a) providing the polymer-based spherical activated carbon

as the support;

then either steps bl) and c1):

b1) impregnating the support with an aqueous solution
containing
(1) hexacyanoferrate(Il) or hexacyano-ferrate(II1)

anions, and
(i) NH,*, Li*, Na*, K* or Rb*; then
cl) admixing the impregnated support with an aqueous
solution of a salt of a di-, tri- or tetravalent metal
cation,
so as to obtain the inorganic adsorbent in the form of a
complexed hexacyanoferrate(Il) or a complexed
hexacyanoferrate(I11) and precipitated on the support;
wherein the divalent metal cation is Cd**, Co®*, Cu**,
Ni%*, Zn?*, Sn?*, or Fe**, wherein the trivalent metal
cation is Cr’* or Fe®* and wherein the tetravalent
metal cation is Sn**, Ti**, or Zr*;
or alternatively steps b2) and c2):
b2) impregnating the support with an aqueous solu-
tion of a salt of a di-, tri- or tetravalent metal cation,

¢2) admixing the impregnated support with an aque-
ous solution containing
(1) hexacyanoferrate(Il) or hexacyano ferrate(II1)

anions, and

(i) NH,*, Li*, Na*, K* or Rb*; then

s0 as to obtain the inorganic adsorbent in the form of
a complexed hexacyanoferrate(Il) or a complexed
hexacyanoferrate(Ill) and precipitated on the sup-
port;

wherein the divalent metal cation is Cd**, Co**, Cu**,
Ni**, Zn**, Sn?*, or Fe®*, wherein the trivalent
metal cation is Cr** or Fe** and wherein the tet-
ravalent metal cation is Sn**, Ti**, or Zr*";

then followed by:

d) washing the support containing the precipitated
adsorbent,

e) drying the washed support resulting from step d) and
containing the precipitated adsorbent.

#* #* #* #* #*



